We use the Subtle Gaze Direction technique (SGD) to guide novices as they try to find abnormalities in mammograms. SGD works by performing image-space modulations on specific regions of the peripheral vision to attract attention. Gaze is monitored and modulations are terminated before they are scrutinized with high-acuity foveal vision. This approach is preferred to overt techniques which permanently alter images to highlight areas of interest. SGD is used to guide novices along the scanpath of an expert radiologist. We hypothesized that this would increase the likelihood of novices correctly identifying irregularities. Results reveal that novices who were guided in this manner performed significantly better than the control group (no gaze manipulation). Furthermore, a short-term post-training lingering effect was observed among subjects guided using SGD. They continued to perform better than the control group once the training was complete and gaze manipulation was disabled.
Introduction
The American Cancer Society estimates that 250,000 new cases of breast cancer were diagnosed in the US in . The statistics also show that breast cancer is the leading form of cancer among women. Early diagnosis and treatment of breast cancer are essential to maintaining the patients longterm health. In addition to breast self-exams and clinical breast exams, mammograms play an important role in the early detection of breast cancer. Radiologists undergo extensive training to become proficient at reading mammograms. In the US, an expert radiologist typically completes four years of undergraduate study, four years of medical school, one year of internship, four years of residency training and one or two years of additional fellowship training. Despite advances in technology, radiological training still uses the conventional approach of having a trainee work alongside an expert radiologist.
In this paper we present a novel training technique that uses gaze manipulation to guide novices along the recorded scanpath of an expert radiologist. We accomplish this using the Subtle Gaze Direction technique (SGD) [Bailey et al. 2009 ] which combines real-time eye-tracking with subtle image-space modulation. It has minimal impact on the viewing experience as it does not change the overall * e-mail: sxs9716@rit.edu Figure 1 : Photograph of experiment setup. The eye-tracking hardware is fixed to the bottom of the screen. Participants were asked to identify irregular regions in a sequence of mammogram images. Gaze manipulation techniques were used to influence their sequence of fixations during the experiment.
appearance of the image being viewed. Subtlety is achieved by presenting the modulations only to the low-acuity peripheral regions of the field of view so that the viewer is never allowed to scrutinize the modulations. The technique has been shown to be quite fast and accurate: viewers typically attend to target regions within 0.5 seconds of the onset of the modulation and the resulting fixations are typically within a single perceptual span of the target. While this shows that the technique is successful in directing gaze, its usefulness for training applications has not yet been established. This paper explores the application of Subtle Gaze Direction within the context of digital mammography training.
We hypothesized that guiding a novice along the scanpath of an expert radiologist would improve the likelihood that the novice correctly identifies the abnormalities in the mammograms. To test this hypothesis, we designed an experiment to explore whether Subtle Gaze Direction is capable of improving the efficiency of digital mammography training. During a training session we noticed that actively guiding participants along the expert's scanpath or directing them to the regions marked by the expert significantly improved their accuracy compared to a control group who viewed the mammograms without gaze manipulation. We also conducted two follow-up sessions without the use of gaze manipulation, a shortterm follow-up session (5 minutes later) and a long-term follow-up session (1 week later), to determine if the novice participants had become sensitized to the strategies used during the training session. In the short-term follow-up session, we observed that the groups of participants who were guided using SGD continued to perform better than the control group. This effect was not observed in the long-term follow-up session.
The remainder of this paper is organized as follows: background and related work is presented in section 2, the experiment design is presented in section 3, analysis and discussion of the experimental results are presented in section 4 and the paper concludes in section 5 with a summary of the contributions and potential avenues of future research.
Background
Understanding the diagnostic process used by radiologists when searching for cancerous regions in mammograms is an interesting and active area of research. Studies have been conducted to analyze the fixation pattern of expert radiologists when viewing mammogram images. Kundel et al.[2008] recorded and analyzed the fixations of expert radiologists from three independent institutions as they studied cancerous regions on mammograms. Their work provides useful information about the duration of expert viewing and identifies several regions of interest in digital mammograms. Mello-Thoms et al. [2006] also analyzed dwell time and number of fixations by experts during scans for breast cancer in mammograms using both head mounted and remote eye tracking devices. Krupinski et al. [1996] studied decision making among mammographers and radiology residents with gaze duration as the key parameter.
The study of expert gaze patterns within the medical field is not limited only to breast cancer research and mammograms. Krupinski [2000] summarizes work in this area and discusses the importance of perception research in medical imaging. Carmody et al. compare fixations between instructors and radiology residents for lung scan images [Carmody et al. 1980 ] and chest scans [Carmody et al. 1984] . Sowden et al. [2000] used eye tracking to study how perceptual learning affects a subject's ability to detect features in general X-ray images. Litchfield et al. [2010 Litchfield et al. [ ] [2011 showed that viewing an expert's eye movements can help to improve identification of pulmonary nodules in chest x-rays and aids problem solving.
Image processing and computer vision techniques can be used to automate the process of abnormality detection in mammograms and other medical images. Neural network techniques for example, have been used to detect solid breast tumors on ultrasonic images [Chen et al. 1999] . Other techniques use first-and second-order histogram statistics on segmented regions and local textures to diagnose micro-calcifications in malignant breast tumors [Dhawan et al. 1996 ]. Markov's Random Field segmentation can be used to detect suspicious regions and distinguish them from normal regions using a fuzzy binary decision tree [Li et al. 1995] . While these techniques automate the process of abnormality extraction in medical images, it is still necessary for the results to be validated by an expert radiologist.
Currently most radiological training programs still use the conventional approach of having a trainee work alongside an expert radiologist. We propose a novel computer-based training technique that uses gaze manipulation to guide novices along the recorded scanpath of an expert radiologist. Computer-based training systems and workstations have become more popular in the medical field with the emergence of digital medical images and improved computer graphics and visualization techniques [Gay et al. 1997; Dugas et al. 2001; Sharples et al. 2000; Muniyandi et al. 2003; Desser 2007; Chentanez et al. 2009; Relan et al. 2009 ].
Strategies for enhancing performance on visual search tasks range from guiding attention to previously unattended regions [Qvarfordt et al. 2010 ] to guiding attention directly to the relevant regions in a scene [Grant and Spivey 2003; Thomas and Lleras 2007; Wang and Spelke 2002] . Such techniques have been shown to improve reaction time and enhance problem solving capabilities. In the experiment presented in this paper, we recruit subjects having no prior knowledge about mammogram images and use the Subtle Gaze Direction technique to guide them along the scanpath of an experienced radiologist as they search for irregularities. In our experiment we also analyze the post-training effects on the subjects guided using Subtle Gaze Direction compared to the subjects in the control group who were not gaze directed.
Experiment Design
This section describes an experiment conducted to investigate if subtle gaze manipulation is capable of improving the efficiency of digital mammography training. During a training session, participants viewed a randomized sequence of mammogram images and were asked to identify what they considered to be irregularities. There were four groups of participants. One group viewed the images without the use of gaze manipulation. They served as the control group for the experiment. For the other groups, the Subtle Gaze Direction technique was used to guide the participants in various ways. Two follow-up sessions were completed without gaze manipulation to determine if the participants became sensitized to the training method used.
Stimuli
The database of mammogram images used in this study was provided by the Mammographic Image Analysis Society [Suckling et al. 1994] . The database contains pairs of mediolateral images from 161 patients along with a separate text file containing information collected from an expert radiologist such as the x,y image coordinates of the center of abnormalities and the approximate radius in pixels of a circle enclosing the abnormality. What is missing however, is the expert's scanpath when trying to locate these abnormalities. We hired our own expert radiologist to view a subset of 65 images from the database and to mark any abnormalities present by drawing a circle enclosing the abnormality. The expert's scanpath was recorded during this process and later used to guide one group of the novice participants.
Stimuli for the experiment were presented on a 22 inch widescreen monitor, operating at 60 Hz with a resolution of 1680 x 1050. The stimuli consisted of the 65 pairs of mammogram images that were viewed by the expert. Five of these images were used for an initial tutorial session to familiarize the participants with the software interface. Twenty images were used for a training session, twenty images were used for a short-term follow-up session, and twenty images were used for a long-term follow-up session. For all sessions, the participants were instructed to identify what they considered to be irregularities in the images. For all sessions, images were displayed for 10 seconds before input from the user was accepted. For the gaze-directed groups, the Subtle Gaze Direction technique was applied during this time frame (but not during the subsequent marking stage). This helped to minimize the impact of viewing duration on the results and also allowed enough time to guide the viewer's gaze about the images. Ten seconds was chosen based on the expert's average viewing time before making the first selection (9.71 seconds).
The pairs of images for each patient were arranged so that the image of the left breast was placed on the right and the image of the right breast was placed on the left to mimic the preferred arrangement of the expert. Figure 1 shows a participant viewing one of these images on a monitor connected to an eye-tracking device. The eyetracker used in this study is a SensoMotoric Instruments iView X Remote Eye-Tracking Device operating at 250 Hz with gaze position accuracy < 0.5
• .
Participants
20 novice participants (7 females, 13 males), between the ages of 18 and 30 volunteered to participate in this study. All participants reported normal or corrected-to-normal vision with no color vision abnormalities. Participants were randomly assigned to one of four groups:
• Static group: 5 participants were presented with a randomized sequence of the 20 training images without the use of gaze manipulation. This group served as the control group for the experiment.
• Gaze-directed group using expert scanpath : 5 participants were presented with a randomized sequence of the 20 training images with gaze manipulation used to guide them to follow a similar scanpath (sequence of fixations) as the expert.
• Gaze-directed group using expert selections : 5 participants were presented with a randomized sequence of the 20 training images with gaze manipulation used to guide them only to the regions marked by the expert as irregularities. The overall scanpath of the expert was not used.
• Gaze-directed group using adversarial scanpath: 5 participants were presented with a randomized sequence of the 20 training images with gaze manipulation used to guide them along a scanpath that was chosen by the researchers to follow different directions and locations than that of the expert.
We hypothesized that using gaze manipulation to guide a novice along a similar scanpath as the expert or directly to the locations marked by the expert would improve the likelihood in correctly identifying irregular regions on the mammograms. Similarly, we hypothesized that using gaze manipulation to guide the novice's focus along an adversarial scanpath would reduce the likelihood that the novice correctly identifies the irregular regions on the mammograms.
Procedure
The expert radiologist hired to participate in this study helped to guide the user interface design of our training platform so that it closely mimics that of standard digital mammography systems. The expert also described external factors such as preferred lighting conditions for studying mammograms which we incorporated into the design of our experiment. The experiment was divided into four stages -a tutorial session, a training session, and two followup sessions to determine if the novice users had become sensitized to the training method used.
Tutorial Session
All participants took part in the tutorial session. They were each presented with the same five images in a randomized order and asked to identify what they considered to be irregularities in the images. The images were displayed for 10 seconds before user input was accepted. A left mouse click-and-drag motion was used to draw a circular region that enclosed the abnormality. The Shift key was locked in software to ensure that the region drawn was always circular. Multiple regions could be selected in this manner. A double-click moved on to the next image. The sole purpose of the tutorial session was to get users familiar with the user interface and method of region selection to be used in the remaining stages of the experiment. No feedback about the accuracy of their selected regions was given.
Training Session
All participants took part in the training session. They were presented with the same twenty images in a randomized order and asked to identify what they considered to be irregularities in the images. For participants in the gaze-directed groups, the Subtle Gaze Direction technique was used to influence the order and location of their fixations during the fist 10 seconds of viewing. Subtle Gaze Direction was implemented as described in [Bailey et al. 2009 ], i.e.
viewer gaze was monitored in real time to ensure that modulations were only presented to the peripheral regions of the field of view and modulations were immediately terminated as the viewer's focus approached the modulated regions. We found that no single modulation intensity worked well in all cases because of the wide variation in mammogram images from black to white. Some required more intense modulation than others to attract attention in the peripheral vision. To overcome this problem, the intensity was set to increase gradually until it captured the user's attention as evidenced by a saccade toward the modulated region.
To determine the location and order of the modulations for the expert-scanpath gaze-directed group, the expert's scanpath was replayed in slow motion and the researchers manually selected what they considered to be the center of each cluster of fixations in sequence. This manual approach worked well since there were only 20 expert videos to consider. Of course, clustering algorithms [Xu and Wunsch 2005] or connected components analysis [Gonzalez and Woods 2006] could be used to automate this process. Using these simplified expert scanpaths as a guide, the researchers also manually selected the order and locations of the modulations for the adversarial scanpaths. These were chosen to follow different directions and locations than that of the expert. Figure 2 shows an example of the expert's raw scanpath and the resulting simplified scanpath and adversarial scanpath. It also shows an overlay of both the simplified scanpath and the adversarial scanpath to illustrate how different they are. For the expert-selection gaze-directed group, the modulations corresponded to the centres of the regions marked by the expert as containing irregularities. The modulations were presented in the order they were marked.
Short-Term Follow-up Session
Following the training session, the participants were given a five minute break. A follow-up session was run using twenty fresh images. No gaze manipulation was used in this session for any of the participants. The purpose of this follow-up session was to determine if the novice participants had become sensitized (short-term) to the strategies used during the training session.
Long-Term Follow-up Session
The participants were asked to return one week later for a second follow-up study. Similar to the first follow-up session, this session was run using twenty fresh images and no gaze manipulation was used for any of the participants. The purpose of this follow-up session was to determine if the novice participants had become sensitized (long-term) to the strategies used during the training session.
Results
To facilitate analysis of the novices' performance, we define a weight-based accuracy measure as follows:
where h is the number of hits, c is the number of close matches, and m is the number of misses. w h , wc, and wm are corresponding weights. Figure 3 illustrates the concepts of hits, close matches, and misses which are defined in terms of the circles drawn by the expert and the circles drawn by the novice. A hit occurs if the distance between the centers is less than either of the radii as shown in the top row of Figure 3 . A close match occurs if the distance between the centers of the circles is less than the sum of the radii as shown in the bottom left of Figure 3 . Finally, a miss occurs if the circles do not overlap as shown in the bottom right of Figure 3 . If multiple novice selections result in hits to a single region selected by the expert, only one is considered to be a hit and the others are ignored. Likewise if multiple novice selections result in close matches to a region selected by the expert, only one is considered to be a close match and the others are ignored. In the case where there is a mix of hits and close matches to a single region selected by the expert, only one hit is considered and the others are ignored. We assign the following weights: w h = 1, wc = 0.75, and wm = 0. Note that the weight for a close match is biased more towards a hit than a miss. The reason for this is that the selection is sufficiently close to an abnormality to warranty further investigation instead of labeling it simply as a random selection.
Alternatively, binary classification statistics [Agresti 1989 ] [Fawcett 2004 ] can be used to establish measures of accuracy as well as sensitivity and specificity. To calculate these properties it is necessary to categorize the test outcomes as true positives, true negatives, false positives, and false negatives. For this study sensitivity refers to the ability of the subject to correctly identify existing abnormalities in the mammograms. Sensitivity is computed as follows:
On the other hand, Specificity refers to the ability of the subject to correctly identify mammograms containing no abnormalities.
Specificity is defined as follows:
The sensitivity and specificity values can then be combined to produce a binary classification based measure of accuracy as follows: Accuracy = (#of T P + #of T N ) (#of T P + #of T N + #of F N + #of F P ) * 100
(4) Figure 4 shows the average weight-based accuracy (equation 1) for the various groups of participants during the training session. The static group averaged 54.2%, the group that was guided by the expert scanpath averaged 64.5%, the group that was guided by the expert selections averaged 68.8%, and the group that was guided by the adversarial scanpath averaged 55.5%. These values were obtained by averaging the accuracy for all participants in a group over all images used in the training session. The averages show that the participants from both expert guided groups were more accurate than the participants from the static group. Independent-samples t-tests reveal that this effect was significant in both cases and not due to chance:
Training Session Results
t(198) = 3.227; p < 0.05 (expert scanpath vs. static) t(198) = 4.530; p < 0.05 (expert selection vs. static) Figure 5 shows the binary classification based accuracy (equation 4) for the various groups of participants during the training session. The static group averaged 53.6%, the group that was guided by the expert scanpath averaged 68.3%, the group that was guided by the expert selections averaged 64.7%, and the group that was guided by the adversarial scanpath averaged 52.0%. When using this accuracy measure we again observe that both expert-guided groups perform better than the static group.
These observations are not surprising as previous studies have already established that guiding attention to the relevant regions of a scene facilitates task completion (see section 2). With Subtle Gaze Direction however, there is the added benefit that the cues used to attract the viewer's attention have minimal impact on the viewing experience as they occur only in the viewer's peripheral vision and do not permanently alter the overall appearance of the image being viewed. Figure 6 shows the average weight-based accuracy (equation 1) for the various groups of participants during the short-term followup session. The static group averaged 51.3%, the group that was guided by the expert scanpath during the training session averaged 59.5%, the group that was guided by the expert selections during the training session averaged 63.1%, and the group that was guided by the adversarial scanpath during the training session averaged 53.9%. These values were obtained by averaging the accuracy for all participants in a group over all images used in the short-term follow-up session. The averages show that the participants who were trained using the expert-guided approaches performed better than participants who were not gaze directed during training. This indicates that there are short-term lingering effects related to the use of gaze manipulation and that the participants are becoming sensitized to the method of training used. Independent-samples t-tests confirm that this effect was significant in both cases and not due to chance:
Short-Term Follow-up Session Results
t(198) = 2.311; p < 0.05 (expert scanpath vs. static) t(198) = 3.189; p < 0.05 (expert selection vs. static) Figure 7 shows the binary classification based accuracy (equation 4) for the various groups of participants during the short-term followup session.The static group averaged 26.9%, the group that was guided by the expert scanpath averaged 45.8%, the group that was guided by the expert selections averaged 41.6%, and the group that was guided by the adversarial scanpath averaged 27.5%. When using this accuracy measure we again observe that both expert-guided groups continued to perform better than the static group in the shortterm follow-up session. Figure 8 shows the average weight-based accuracy (equation 1) for the various groups of participants during the long-term follow-up session. The static group averaged 64.2%, the expert scanpath group averaged 64.2%, the expert selection group averaged 65.4%, and the adversarial scanpath group averaged 65.2%. These values were obtained by averaging the accuracy for all participants in a group over all images used in the long-term follow-up session. The averages show that there is little difference between the groups and independent-samples t-tests confirm that the differences are not significant. This suggests that there are no long-term lingering effects related to the use of gaze manipulation. for the various groups of participants during the long-term followup session. The static group averaged 51.6%, the group that was guided by the expert scanpath averaged 59.1%, the group that was guided by the expert selections averaged 53.0%, and the group that was guided by the adversarial scanpath averaged 51.5%. When using this accuracy measure we again observe that there is little variation between the groups with the exception of the expert scanpath group which appears to be higher. Further analysis using the receiver operating characteristics (ROC) space (described below) shows however, that all of the groups are actually performing at the accuracy level equivalent to a random guess. Figure 10 shows the sensitivity and specificity for each group of participants across all sessions. Using these values we can generate receiver operating characteristic (ROC) plots for each session as shown in Figure 11 . ROC plots (i.e. sensitivity vs. 1-specificity) Figure 10: Sensitivity and specificity results for training, shortterm follow-up, and long-term follow-up sessions.
Long-Term Follow-up Session Results

Receiver Operating Characteristic (ROC) Results
help us assess the performance of the training techniques used. The blue dotted line at 45
• represents the line of random guess. Any data above this line indicates a better-than-random classification and below this line a worse-than-random classification.
The ROC plot for the training session shows that the group guided by expert selection had a higher specificity compared to the other groups. The higher specificity may be attributed to the fact that the subjects associated the presence of the subtle modulations with the existence of abnormalities. Consequently when no modulations were present they were less likely to mark the image as being irregular. The ROC plot for the training session also shows that both expert-guided groups were more sensitive than the static and adversarial groups. This supports the accuracy findings described above.
The ROC plot for the short-term follow-up session shows that the expert-guided groups perform better than the control group and the adversary group. Note however that both the sensitivity and specificity for all groups is lower than in the training session. This suggests that there was some common phenomenon affecting the subjects of all groups. We believe that this could be due to fatigue or boredom (recall that the participants had already viewed 25 images lasting a minimum of 10 seconds each -not including the time it took for them to respond to each image).
The ROC plot for the long-term follow-up session shows that the performance of all the groups lie on the random guess line indicating that there are no difference between the groups and that there are no long-term lingering effects associated with the training methods used. Notice also that the phenomenon that caused the lower sensitivity and specificity observed during the short-term follow-up session is no longer present after a week-long break.
Summary and Conclusion
In our experiment we explored whether subtle gaze manipulation is capable of improving the efficiency of mammography training. Using a weight-based accuracy measure we observed the following:
• For the training session, participants in both expert-guided groups performed significantly better than the participants in Figure 11 : ROC plots for each session of the experiment for all groups. From left to right: training session, short-term follow-up session, and long-term follow-up session.
the static group.
• For the short-term follow-up session, participants in both expert-guided groups continued to perform significantly better than the participants in the static group.
• For the long-term follow-up session, no significant effects were observed.
Similar results were observed using the binary classification accuracy measure for all sessions. The general agreement between these two accuracy measures provides added assurance about the reliability of the results.
Based on the ROC plots we can conclude that actively guiding the subjects using the expert-based approaches results in better performance in terms of sensitivity and specificity. In the short-term follow-up session we noticed that both sensitivity and specificity of the group guided by the expert selections dropped dramatically compared to the group guided using the expert scanpath. For this reason, and for the fact that constantly modulating a single selection may become annoying, we conclude that it is better to guide the novices using the expert scanpath.
Overall, our findings indicate that using the Subtle Gaze Direction technique to actively guide novice participants along the scanpath of an expert significantly improves accuracy compared to static viewing. In addition to exhibiting great promise for digital mammography training as well as training on other medical image modalities such as X-rays, CT scans, PET scans, and MRIs, these observations have implications for a wide range of visual search and learning applications including:
• Surgical Simulator Training: Surgical simulation systems are becoming more common. Many of these systems are complex and require significant time and attention from the trainees. Gaze manipulation may facilitate more efficient training on these platforms.
• Education and Learning: Often the amount of information presented to students in educational settings, be it in the classroom or online, is overwhelming. Gaze manipulation can potentially be used to enhance the learning experience and benefit those who have difficulty paying attention during learning.
• Aiding Symbolic Development in Children: Children with early childhood developmental disorders often have difficulty associating words to images and symbols. Subtle Gaze Direction can be used in a symbolic teaching system to assist these children in leaning new symbols and images and associate them with the words they are hearing. The benefit of this approach is that it does not introduce any permanent visual cues which may complicate the learning process.
In addition to these applications, there are several other avenues for future work. We would like to explore if prolonged exposure (i.e. multiple training sessions using SGD as opposed to one) would have any long-term impact on the novices' performance. Further analysis of the eye-tracking data will be conducted to quantify how much deviation was present between the scanpaths of the novices and the expert. We also plan to repeat the entire experiment using participants with prior experience in analyzing mammograms (i.e. radiology trainees and residents). Finally, by combining computer vision techniques with the scanpath data of the expert that we previously recorded, we plan to explore the feasibility of an automatic scanpath predictor algorithm for mammograms.
